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Abstract 
The objective of the present study is to develop a renewable and environmentally benign technique to 
improve the flame retardancy of cotton fabrics by the layer-by-layer deposition of semi-biobased 
substances onto the surface of cotton fabrics. The used semi-biobased substances included negatively 
charged ingredients: phosphorylated poly (vinyl alcohol) (PPVA) and positively charged ingredients: 
chitosan. Some typical combustion tests, including vertical flame tests and microscale combustion 
calorimeter were mainly used to measure the fire safety of coated cotton fabrics. The cotton fabric 
assembled with 30 bilayers can extinguish flame in the vertical flame test. The reduction in peak heat 
release rate and total heat release could be observed for all coated cotton fabrics compared with that of 
pure cotton fabrics. Additionally, the thermal stability of cotton fabrics was also discussed by 
thermogravimetric analysis. The result indicated that thermal stability of coated cotton fabrics were 
enhanced in the high temperature range (400–700 ◦C).  
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1. Introduction  
In recent years, the applications of some synthetic biodegradable polymers, such as poly (vinyl alcohol), 
are attracted considerable attention owing to the interest in green chemistry and concern over toxicity 
and environmental issues. Poly (vinylalcohol) (PVA), which has the idealized formula [CH2CH (OH)]n, 
is a water-soluble synthetic polymer. It has been widely used in home textiles, coating materials and 
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industrial materials owing to its biodegradability, excellent mechanical properties and good chemical 
resistance.1,2 Chitosan, one kind of polysaccharides, is the second most renewable natural polymers in 
the world. It is expected to act as a char-forming agent owing to the structure of polyhydroxy. 
Additionally, chitosan can show positively charged polyelectrolyte, so it is usually used as the 
positively charged ingredient for the layer by layer assembly. 3 As a result, poly (vinyl alcohol) and 
chitosan are all eco-friendly polymeric materials.  
The layer by layer technique is a simple and versatile method to incorporate various polymers, 
colloids or molecules into a thin coating. These films are usually deposited by alternately exposing a 
substrate to positively and negatively charged ingredients that are adsorbed as nanolayers, most often 
through electrostatic attraction. Furthermore, the layer by layer assembly is usually carried out in water 
solution rather than in organic solution. Therefore, it is a green and environmentally friendly process to 
fabricate thin coating onto the surface of substrates.  
Here, the layer by layer assembly between phosphorylated poly (vinyl alcohol) (PPVA) and chitosan 
(CH) was carried out in aqueous solution to fabricate flame retardant coating onto the surface of cotton 
fabrics. The poly (vinyl alcohol) (PPVA) can show negatively charged polyelectrolyte and flame 
retardancy owing to phosphate introduced by the simple chemical modification. In our present work, 
the combining of semi-biobased substances and water based technology shows that such a layer by 
layer assembled process is an eco-friendly way to carried out the flame retardant treatment of cotton 
fabrics. It is anticipated that the green multilayer coating can improve flame retardancy of cotton 
fabrics and reduce its fire hazard.   
2. Experiment 
2.1. Materials 
Cotton fabrics with a density of 120 g/m2 were purchased from Jiangxi JingZhu Ramie Textile Co. 
Poly(vinyl alcohol) (PVA)( 1788f50, 98%) was purchased from ShangHai Guoyao Chemical 
Company. Chitosan (viscosity 50–800 mPas, degree of deacetylation 80–95%) were purchased from 
Sinopharm Chemical Reagent Co and its aqueous solution with 0.5 wt% concentration was used as 
positively charged ingredients in the layer by layer assembly.  
The phosphorylated poly (vinyl alcohol) (PPVA) was synthesized according to the previous reports,4 
and its aqueous solution with 2wt% concentration were used as the negatively charged ingredients in 
the layer by layer assembly.  
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2.2. Layer-by-layer deposition 
Prior to the deposition, cotton fabrics were washed with distilled water then air-dried at room 
temperature overnight. Thenˈcotton fabrics were alternately immersed into positively charged CH 
solution and negatively charged PPVA solution. The immersion period for the first couple of layers was 
set at 5 minutes in CH solution in order to promote and achieve uniformity and stability; subsequent 
dip was 1 minutes in the PPVA solution. Each dip was followed by rinsing with distilled water and 
wrung out to expel liquid among cotton fabrics. The process was repeated until 10, 20 and 30 bilayers 
(BL) were built for cotton fabrics. In this work, we briefly denote the coated cotton fabric that was 
assembled in CH solution and PPVA solution with 30 bilayers as 30BL PPVA. The adopted procedure 
is schematized in Fig. 1(A). 
2.3. Characterization 
The morphologies of pure and coated cotton fabrics, coated with a gold layer in advance were observed 
using scanning electron microscopy. Thermogravimetric analysis (TGA) of samples was examined on a 
TGA-Q5000 apparatus (TACompany, USA). Vertical flame tests were performed according to ASTM 
D6413-08 using a vertical burning tester (CZF-3, Nanjing Jiangning Analytica Instrument Factory, 
China). Heat release rate (HRR) and total heat release (THR) were measure in a microscale combustion 
calorimeter (GOVMARK MCC-2). Thermogravimetric analysis/infrared spectrometry (TG/FTIR) of 
cotton fabrics was performed using the TGA Q5000 IR thermogravimetric analyzer that was interfaced 
to the Nicolet 6700 FTIR spectrophotometer. About 5.0 mg of the sample was put in an alumina 
crucible and heated from 30 to 600 ° C at a heating rate of 20 ° C/min (nitrogen atmosphere, flow rate 
of 45 mL/ min).  
3. Results and discussion 
3.1. Characterization of pure and coated cotton fabrics 
The corresponding surface morphology of pure and coated cotton fabrics is shown in Fig. 1 (B). Pure 
cotton fabric shows a smooth and clean surface. The 10 BL PPVA and 20BL PPVA look very similar in 
terms of fiber structure and shape, and the LbL coating conformally coated each individual fiber. In the 
case of 30BL PPVA, the thin coating can be obviously observed around the fibers and some fibers 
appear linked together and the gaps between fibers gradually disappear.  
3.2. Thermal stability of pure and coated cotton fabrics  
TGA provides direct information about thermal stability and degradation mechanism by measuring 
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weight loss of sample as a function of temperature. The experimental TGA curves of pure and coated 
cotton fabrics under nitrogen atmosphere are shown in Fig. 2 (a). The pyrolysis of all cotton fabrics 
shows three stages and the first region around 100 OC corresponds to the release of physically adsorbed 
water. Additionally, all coated cotton fabrics decrease in initial degradation temperature compared with 
that of pure cotton fabric, which can be ascribed to the earlier degradation of phosphorus-containing 
assembled coating.5 However, all coated cotton fabrics exhibit much high thermal stability in the 
temperature ranging from 400 to 700 OC, indicating the protective char formation provided by the 
intumescent coating at high temperature.   
3.3. Vertical flame test 
Vertical flame test was used to test both the ignitability and the combustion behavior of all samples 
under the irradiative heat flow in the presence of flame spread. Fig. 2(b) shows the digital photographs 
of pure and coated cotton fabrics after the vertical flame test. It can be shown that the pure cotton fabric 
is completely consumed during the test. It should be note that extinguishes atmosphere could be 
observed for 30BL PPVA. It is a breakthrough for the flame retardant treatment of cotton fabrics by use 
of the present layer by layer assembly. 
 
Fig. 1 (A) the scheme of layer by layer assembly using negatively charged ingredients (chitosan (CH)) and negatively charged 
ingredients (PPVA); (B) SEM images of pure and coated cotton fabrics. 
 
Fig. 2 Digital photographs of pure and coated cotton fabrics after vertical flame test (a) and TGA curves of pure 
and coated cotton fabrics (b).   
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Fig.3 (A) the intensity of total pyrolysis gaseous products and characteristic peaks for pure cotton fabrics and 
20BL PCL sample; (B) Heat release rate (HRR) and total heat release (THR) as a function of temperature for pure 
and coated cotton fabrics.  
3.4. Microscale combustion calorimeter 
Microscale combustion calorimeter (MCC) is an effective approach to obtain the information regarding 
combustibility and fire hazard of materials. It can quickly and easily measure the key fire parameters 
from just a few milligrams of specimen in minutes. Heat release rate (HRR) and total heat release 
(THR) as a function of temperature for pure and coated cotton fabrics is shown in Fig.3 (A). It appears 
that peak HRR values of all coated cotton fabrics are all decreased compared with that of pure cotton 
fabric. This may be caused by the catalytic action of phosphorylated derivatives, which enables cotton 
fabrics to dehydrate at the lower temperature and accelerates the formation of char and reduces the 
release of combustible gas.6 Furthermore, it is clearly shown that the higher bilayers numbers are, the 
lower combustion rate is. Therefore, the phosphorus-containing assembled multilayer coating can 
effectively reduce heat release rate during burning of cotton fabrics.  
3.5. Thermogravimetric analysis/infrared spectrometry (TG/FTIR) 
The TGA-IR technique that directly gives identification of the evolved products can significantly 
contribute to an understanding of thermal degradation mechanism.7 Fig.3 (B) shows the intensity of 
total pyrolysis gaseous products and characteristic peaks for pure cotton fabric and 30BL PPVA. Total 
and some specific volatilized products were chosen to study, concluding H2O (3560 cm−1), 
hydrocarbons (2980 cm-1), CO2 (2350 cm-1), CO (2180 cm-1), carbonyl compounds (1740m−1) and 
CH3OH (1076 cm-1). It can be found that the absorption intensity of volatilized products for 30BL 
PPVA is lower than that of pure cotton fabric, especially for carbonyl compounds and hydrocarbons. It 
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can be ascribed to physical barrier effect of char residue, which can retard the transfer of mass and heat 
and insulate oxygen. So, the absorption intensity of flammable volatilized products for 30BL PPVA 
decreased extraordinarily compared with that of pure cotton fabric.  
4. Conclusion 
In conclusions, the semi-biobased coatings consist of chitosan and phosphorylated poly (vinyl alcohol) 
was successfully deposited onto the surface of cotton fabrics by an eco-friendly way (water based layer 
by layer assembly). The phosphorus–containing multilayer coatings with 30 bilayers can extinguish 
flame during burning of cotton fabric and result in the reduction in peak heat release rate and amount of 
volatile organic gas. Therefore, it has promoted prospects to carried out the flame retardant treatment of 
cotton fabrics by the use of this eco-friendly way.  
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